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Humidity sensors have been extensively used in various fields, and numerous problems are encountered 
when using humidity sensors, including low sensitivity, long response and recovery times, and narrow 
humidity detection ranges. Using graphene oxide (G-O) films as humidity sensing materials, we fabricate 
here a microscale capacitive humidity sensor. Compared with conventional capacitive humidity sensors, the 
G-O based humidity sensor has a sensitivity of up to 37800% which is more than 10 times higher than that of 
the best one among conventional sensors at 15%-95% relative humidity. Moreover, our humidity sensor 
shows a fast response time (less than 1/4 of that of the conventional one) and recovery time (less than 1/2 of 
that of the conventional one). Therefore, G-O appears to be an ideal material for constructing humidity 
sensors with ultrahigh sensitivity for widespread applications. 

Measurement and control of environmental humidity is of great importance in industrial, agricultural, and 
human activities 1 . Various types of humidity sensors have been developed over the years 2 . Humidity 
sensors with higher sensitivity, wider humidity detection range, as well as quicker response and shorter 
recovery times are necessary to meet people's needs. To achieve these goals, considerable attention has been 
directed toward the development of humidity sensitive materials or elements, especially nanomaterials due to 
their high surface to volume ratio including one- dimensional (ID) carbon 3 , silicon 4 , ceramic 5 nanomaterials, 
semiconductor nanoparticles 6 and metal oxide nanowires 1 ' 7 , and nanofilms 8 . However, progress remains limited 
to date. Therefore, developing a novel humidity sensing material that possesses high and even sensitivity for the 
full range of humidity remains a challenge. 

Graphene, a two-dimensional monolayer of sp 2 -bonded carbon atoms exhibiting exceptional mechanical 9 , 
thermal 10 , and electrical properties 1112 , holds great potential for ultrasensitive detection. Sensors based on gra- 
phene prepared via the micromechanical cleavage of graphite 13,14 or via the reduction of graphene oxide (G-O) 15 " 21 
have raised significant interest. These sensors show very high sensitivity to gases, including N0 2 , NH 3 , and so on. 
Sensors with single-molecule sensitivity have also been reported 13 . The mechanism of these ultrasensitive gas 
sensors is similar to that of carbon nanotube-based gas sensors 22 " 26 . Although some studies have reported water 
adsorption on graphene 27 ' 28 , long response time (3-5 min) hinder its applications 27 . Therefore, using this nano- 
material to fabricate humidity detection sensors remains difficult. 

As an alternative graphene precursor, G-O presents considerable advantage as a material for sensing applica- 
tions, especially for water detection. Graphite oxide can be used to massively produce graphene and is water 
dispersible, thereby enabling subsequent exfoliation into few-layer nanostructures to form G-O 15 . Thus pro- 
ducing continuous films from G-O suspensions is fairly straightforward 16 ' 29 " 31 . The basal plane and edges of G-O 
platelets are composed of distributed chemical groups containing oxygen 32 " 34 (see Supplementary Information 
Fig. SI), which can increase the hydrophilicity of G-O and consequently enhance the sensitivity of the sensors to 
water 35 . Moreover, chemical groups can make G-O electrically insulating 36 , which enables the convenient incorp- 
oration of graphene oxide into capacitive sensors. In contrast to graphite with water intercalated molecules 37 , G-O 
more easily uptakes water vapor from the gas phase. Yao et al 38 have used G-O-silicon bi-layer flexible structure 
as stress-based humidity sensors. This sensor exhibits a fast response time and recovery time, and a little 
hysteresis. However, this kind of sensors need a high working voltage (5 V), which will result in high power 
consumption. 
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Here we develop a humidity sensor using G-O as a humidity 
sensing material. We find that G-O-based humidity sensors can 
overcome the existing problems 39 " 46 mentioned above, and exhibit 
ultrahigh humidity sensitivity, as well as short response and recovery 
times. The humidity sensitivity of these prepared sensors reaches up 
to 37800% at 15%-95% relative humidity (RH). On the other hand, 
conventional capacitive humidity sensors have sensitivities ranging 
from 43% to 2900% 35 ' 39 " 41,44 . The response time of our humidity 
sensor is 10.5 s which is 1/120 to 1/4 that of conventional humidity 
sensors 35 ' 39 ' 40 ' 44 . The sensor also exhibits high sensitivity (1667%) 
which is 133 to 277 times higher than that of conventional humidity 
sensors even under low humidity conditions (<40%RH) 39 " 41,44 . 

Results 

Fabrication of the G-O based sensor. To investigate the humidity 
sensing properties of G-O, a G-O based sensor (in-plane capacitor) 
was fabricated via a two-step procedure. The first step was to 
fabricate microscale interdigitated electrodes, and the detailed 
fabrication procedure is shown in the supplementary information 
Fig. S2. The next step was the fabrication of the sensor using G-O as 
the insulated humidity- sensing material, in which drop -casting was 
adopted 47 . In brief, a drop of G-O dispersion (50 ul, 1 mg/ml, 
dissolved in ethanol) was dropped onto the interdigitated elec- 
trodes through a pipette, followed by drying under a temperature 
45 °C for 1 h. Figure la shows the various silicon structures that exist, 
and the area enclosed by the red dashed lines that was used in this 
study. The magnified image (Fig. lb) shows that the sensor 
comprises two sets of interdigital electrodes. To more comprehen- 
sively examine the humidity sensing performance of the sensor, we 
characterized the interdigital electrodes by scanning electron 
microscopy (SEM) before and after being covered with G-O films. 
Compared with the interdigitated electrode in Fig. lc, that shown in 
Fig. Id exhibits abundant wrinkles, demonstrating complete 
coverage with the G-O films (see Supplementary Information Fig. 
S3). It is noteworthy that this G-O film was annealed at 75 °C for 24 h 
aiming at improving the stability of the sensor 48 . G-O sheets contain 
abundant oxygen-containing functional groups (see Supplementary 
Information Fig. SI). X-ray photoelectron spectroscopy (XPS) of G- 
O reveals that the carbon -to -oxygen atomic ratio (C/O) is close to 
2.4, and the atomic concentration of oxygen is 29.33% (see 
Supplementary Information Fig. S4). In addition, thin G-O films 



could result in high sensitivity and fast response. Figure le shows 
the schematic diagram of the humidity testing system, in which the 
graphene oxide film was used as a humidity sensing material and an 
LCR was adopted to measure the change of capacitance of the 
sensors. 

Performances of the sensors. In this study, the humidity- sensing 
performance of the G-O based sensors was tested under various 
levels of relative humidity (RH). Such parameters as humidity 
sensitivity, response time and recovery times, and stability were 
evaluated. Figure 2a shows the dependence of the sensor 
capacitance on RH at different frequencies (100 Hz, 1 kHz, and 
10 kHz). The reported data are the mean values obtained from 
several measurement cycles at a temperature of 25°C. As the RH 
level increases, the output capacitance of the sensor shifts higher 
monotonically. Adsorbed water can increase the dielectric constant 
and the capacitance. More adsorbed water molecules strengthen the 
polarization and increase the dielectric constant 49 . Among the three 
frequencies, 100 Hz exhibits the best linearity. To quantitatively 
depict sensor sensitivity, we define it as follows 5 : 

(i) 



Sensitivity = (C x — Ci 5 ) / Q5 



Sensitivity^ (C x -Ci 5 )/(RH X -RH 15 ) 



(2) 



where C x and Q5 are the capacitances at x% and 15% RH levels, 
respectively. It can be observed from Fig. 2a and Fig. S5, that the 
capacitance decreased with increasing frequency. The capacitance 
was almost flat above 10 kHz. Thus, the capacitance became 
independent of the humidity with increasing frequency. This is 
because the electrical field direction changes slowly at low 
frequencies and there appears the space-charge polarization of 
adsorbed water. While the frequency is high, the electrical field 
direction changes so fast that the polarization of the adsorbed 
water cannot catch up with it, and hence the dielectric constant is 
small and independent of RH 50 . Therefore, the sensitivity defined in 
equation (2) decreases with increasing the frequency. Figure 2b 
demonstrates the relationship between sensitivity defined in 
equation (1) and RH. Obviously, the sensitivity at 1 kHz is higher 
than that at the two other frequencies. When the RH level changes 
from 15% RH to 95% RH, the capacitance rises from 9.8 pF to 
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Figure 1 | Characterization of the sensor and humidity testing system, (a): Digital photographs of the device (Reference is a 1 Dime US coin), (b): SEM 
image of the area set off by a red dashed line, (c): SEM image of the interdigitated electrodes without G-O. Two sets of electrodes (with widths of 40 
and 20 (am, respectively) were designed in an interdigitated manner with 10 um spacing and an overlapping area of 200 (am. (d): SEM image of 
interdigitated electrodes covered with G-O films, (e): Schematic diagram of the humidity testing system graphene oxide film as a humidity sensing 
material was placed on the two sets of interdigitated electrodes. 
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Figure 2 | Capacitance and sensitivity versus RH at 100 Hz, 1 kHz, and 10 kHz. (a): Output capacitances of sensors as a function of RH. (b): Defined 
sensitivity as a function of RH. 



3710 pF, and the corresponding relative capacitance change is 
37800%. By contrast, the relative capacitance changes for 100 Hz 
and 10 kHz are 8000% and 32200%, respectively. These values are 
significantly higher than those of capacitive humidity sensors based 
on other materials 35 ' 39 " 41 ' 44 at the same conditions. Therefore, 100 Hz 
and 1 kHz are selected as the operating frequencies in our 
experiments. 

Stability is an important parameter of humidity- sensing properties. 
The sensor was tested repeatedly under fixed humidity levels (15%, 
35%, 55%, 75%, and 95% RH) in a period of 30 days. The results are 
shown in Fig. 3. The capacitance variation is less than 4% at each 
humidity region for one month at 100 Hz and less than 6% at each 
humidity region for one month at 1 kHz, which shows the output 
capacitances of the sensor operating at 100 Hz and 1 kHz fluctuate 
slightly with time, and the data show good consistency. Moreover, the 
in-plane capacitor has better stability than the sandwich-structured 
capacitor 51 . 

Both response and recovery times significantly affect the perform- 
ance of humidity sensors. Response and recovery times of sensors 
affect the RH-increasing and RH-decreasing processes with RH 
ranging from 23% to 86% (Fig. 4). According to the recorder, 
the sensor response time (humidification from 23% RH to 86% 
RH) was —10.5 s, and the recovery time (desiccation from 86% 
RH to 23% RH) was —41 s, both better than conventional capacitive 
sensors utilizing multi-wall carbon nanotubes, silicon nanowires, 



macroporous silicon, anodic aluminum oxide, and so on (11% RH 
to 86% RH, response time 45 s; 1 1.3% RH to 93% RH, response time 
132 s; 0% RH to 100% RH, response time 20 min; 30% RH to 95% 
RH, response time 188 s ) 35 ' 39,40 ' 44 . The excellent response and recov- 
ery times are not only ascribed to the abundant hydrophilic func- 
tional groups on G-O sheets, but also to the large interlayer space in 
the G-O films which facilitates water adsorption and desorption. In 
addition, we also measured the hysteresis of the films which is close 
to 5% (see Supplementary Information Fig. S6). 

Discussion 

The electrical response of sensing materials to humidity is related to 
the physical adsorption of water molecules. To interpret the relation- 
ship between the capacitance and the RH, the following equation (3) 
was adopted to depict the relationship 41 

C = (8y — iy/cD8o)Co (3) 

where y denotes the conductance, and co denotes frequency. 
According to this expression, the capacitance of the sensing material 
is proportional to y, and C is inversely proportional to frequency co. 
In addition, y is related to the physisorption of water molecules on a 
G-O film in that different sorption processes yield different y values. 
According to the literature 41 , y increases with rising RH, such that the 
capacitance increases with rising RH, depending on the frequency. 
At low RH, water molecules are primarily physisorbed onto the 
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Figure 3 | Stability test of sensors at fixed RH. (a): 100 Hz. (b): 1 kHz. The change in the output capacitance of sensors operating at 100 Hz and 1 kHz 
was acceptable, that is, long-term stability and reliability are beneficial for practical applications. 
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Figure 4 | Response and recovery times of the humidity sensors for humidity levels between 23% RH and 86% RH. (a): Response time, —10.5 s. 
(b): Recovery time, —41 s. 



available active sites (hydrophilic groups, vacancies) of the G-O sur- 
face through double hydrogen bonding, which is called the first-layer 
physisorption of water (Fig. 5). In this regime, the water molecules 
are thus unable to move freely because of the restriction from double 
hydrogen bonding. The hopping transfer of protons between adja- 
cent hydroxyl groups in the first-layer physical adsorption of water 
requires much energy, and for this reason G-O films exhibit strong 
electrical resistance. Although the protons in G-O films are minimal, 
and are restricted by discontinuous mobile layers, they contribute to 
the leak conduction y 41 , which essentially increases the capacitance at 
low RH. As the RH increases, the multilayer physical adsorption of 
water molecules (Fig. 5) occurs. From the second physisorbed layer, 
water molecules are physisorbed through single hydrogen bonding 
on the hydroxyl groups. Thereafter, the water molecules become 
mobile and progressively more identical to those in the bulk liquid. 
As the multilayer physical adsorption progresses, the physisorbed 
water can be ionized under an electrostatic field to produce a large 
number of hydronium ions (H 3 0 + ) as charge carriers. With further 
increase in humidity, the physisorbed water layers gradually exhibit 
liquid-like behavior. In bulk liquid, proton hopping between adja- 
cent water molecules occurs in G-O, with charge transport taking 



place via the conductivity generated by a Grotthuss chain reaction 
(H 2 0 + H 3 0 + — > H 3 0 + + H 2 0) conductivity 52 , which can cause an 
increase of y. In addition, at high RH, the physisorbed water will 
penetrate into the interlayer of G-O films (see Supplementary 
Information, Fig. SI), which is very beneficial for the hydrolysis of 
the functional groups (carboxyl, sulphonic, and/or hydroxyl) on G-O 
sheets, and these ions contribute to the ionic conductivity 51 . The large 
number of existing epoxy groups in G-O could aid proton migration. 
All of these factors would lead to a sudden increase of y, which is 
consistent with the tendency shown in figure 2, leading to a quite 
high sensitivity at high RH. In addition, the dielectric constants of 
water under different conditions vary. For instance, the dielectric 
constant of hydrated water at low RH is 2.2, that of free water at high 
RH is 78. This variance enhances sensor capacitance, thereby result- 
ing in high sensitivity. This finding explains the excellent humidity- 
sensing characteristics of G-O. 

To confirm the different sorption mechanisms of sensing materi- 
als at various RH values, complex impedance spectra are adopted to 
interpret the conductivity and polarization processes that take place 
in a humidity sensor. Typical complex impedance spectra of the 
sensor at different RH values were measured over a frequency range 




film 



Figure 5 | Schematic of humidity sensing at G-O films. The adsorption of water molecules on G-O films is characterized by two processes. The first-layer 
water molecules are attached on the G-O films through two hydrogen bonds. In contrast, from the second layer, water molecules are adsorbed only 
through one hydrogen bond. 
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of 20 Hz to 1 MHz with a testing voltage of 1 V and temperature of 
15°C. The difference in the impedance spectra implies different 
physical phenomena for the electrical conductivity and polarization 
that occur in G-O in the presence of water molecules. Figure 6a 
shows that when RH is low (13% RH), a half semicircle is observed 
in the complex impedance plot. When RH in Fig. 6a increases 



unceasingly (33%, 53%, 75%, and 87% RH), a line appears at larger 
RH values, above which the semicircular behavior is finished as RH 
increases. The semicircular behaviors in the low frequency range 
are depressed. Moreover, higher RH results in a more pronounced 
linear behavior in Fig. 6a. When the RH increases to 97%, the semi- 
circle becomes invisible. The semicircle is typical of the relaxation 
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Figure 6 | Complex impedance plots and equivalent circuits of G-O films under different humidity levels, (a): With increasing RH, the semicircles are 
gradually depressed and then disappear at 97% RH. The straight lines become lengthened, (b): An equivalent circuit at very low RH. (c): An equivalent 
circuit at high RH. R f : G-O film resistance; C f : G-O film capacitance; Zi. interface impedance between G-O film and electrodes. 
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mechanism exhibited by resistance-capacitance parallel circuits. 
Therefore, the semicircle results primarily from the intrinsic imped- 
ance of the sensing film. The decrease in the curvature of the semi- 
circle with increasing RH reflects the decrease in the intrinsic 
impedance, which is related to the interaction between the sensing 
film and water. The physical phenomena of the electrical conduc- 
tivity and polarization that occur in a humidity sensor are repre- 
sented not only by resistances and capacitances, but also by the 
diffusion and interface phenomena of ions. The straight line may 
stem from the ionic and/or electrolytic conductivity. 

G-O films not only have high surface-to-volume ratios, but also 
possess a large density of surface vacancies and hydrophilic func- 
tional groups resulting from violent oxidation (see supplementary 
information Fig. SI and Fig. S4), thus increasing sensor sensitivity 35 . 
The resistance of this material is extremely high 51 , so that inducing 
electrical conductivity in a dry ambient environment is difficult to 
accomplish. Therefore, the electronic conductivity of G-O films 
themselves is inconspicuous, and the mechanism governing such 
conductivity depends on the surface coverage of adsorbed water. 
At very low RH levels (13%), the water vapor is minimal. Hence, 
the concentration of the adsorbed water is low. Where the first-layer 
physical adsorption occurs, it is different from the chemisorption 
process (and is unaffected by further changes in humidity). So 
first-layer adsorption can be used to explain the high sensitivity even 
at low RH. With the increase of humidity within the low RH range, 
more and more water molecules are adsorbed and form the first-layer 
physical adsorption through double hydrogen bonding, which will be 
responsible for the rise in the capacitance upon the application of an 
electric field. 

The complex impedance plot of Fig. 6a can be modeled by equi- 
valent circuits, as shown in Fig. 6b and Fig. 6c. The semicircle plot of 
the impedance represents a kind of sensing mechanism, which can be 
modeled by an equivalent parallel circuit of a resistor and capa- 
citor 53 ' 54 , as shown in Fig. 6b. The curve of semicircle connected with 
a line represents another kind of sensing mechanism, of which the 
equivalent circuit has been also shown in Fig. 6c 53 ' 54 . Here Rf repre- 
sents the resistance of the G-O film, which decreases as RH increases; 
Cf the capacitance of the G-O film and Z { the impedance at the 
electrodes/G-O film. At very low RH, the resistor is related to 
H 3 0 + , and the capacitor is related to proton conductivity. As RH 
increases, more water molecules are physisorbed into this hydroxyl 
layer on the large specific surface area of G-O films. Additionally, a 
high local charge density and a strong local electrostatic field exist in 
the surface defects, promoting the dissociation of water physisorbed 
on the surfaces of G-O films. Thus, proton hopping between adjacent 
water molecules occurs easily in G-O, with charge transport via the 
conductivity induced by a Grotthuss chain reaction (H 2 0 + H 3 0 + 
— > H 3 0 + + H 2 0) 51 , which causes the decrease of the intrinsic res- 
istance of the G-O film corresponding to the more depressed semi- 
circles and longer straight lines in Fig. 6a at higher RH values. With 
the increase of humidity, the functional groups on the G-O film are 
hydrolyzed partly leading to the result that the semicircles depress 
further and the straight lines become increasingly longer. Until a 
humidity up to 97% RH, the electrolytic conductivity dominates over 
protonic conductivity, that is, the functional groups on G-O are 
hydrolyzed mostly or even totally, the semicircle is invisible and only 
the straight line is left, as indicated in Fig. 6a. As a result, the resist- 
ance and the capacitance of the sensor at high RH are primarily 
attributed to the decomposition and orientation polarization of phy- 
sisorbed water and active functional groups on G-O. 

A novel capacitive-type humidity sensor based on G-O has been 
presented in this work. A large number of hydrophilic groups, 
including carboxyl groups, hydroxyl groups, and so on, as well as 
vacancies on G-O plates, endow G-O with excellent humidity-sens- 
ing behavior. Electrical testing under different RH environments 
shows that the sensor based on G-O exhibits ultrahigh sensitivity 



(37800% at 1 kHz) over the entire RH range. Furthermore, the sen- 
sor shows excellent performance along with rapid response and 
recovery times, relatively low hysteresis, and excellent stability. We 
also established a mechanism that can potentially explain the excel- 
lent performance of the G-O-made sensors. 

Methods 

Preparation of graphite oxide (GO). GO was prepared by oxidizing expandable 
graphite (EG) powder based on the Hummers method 55 . Details are described as 
follows: EG powder (2 g) and sodium nitrate (1 g) were mixed with sulfuric acid 
(46 ml, 98 wt%) in an ice bath. Potassium permanganate (6 g) was slowly added to the 
mixture to prevent the temperature from exceeding 20°C. The reaction was 
maintained at 35°C ± 1°C for 8 h with gas release. Deionized water (92 ml) was 
gradually added, resulting in violent effervescence. The temperature of the water bath 
was increased to 98°C, and the reaction was maintained for 2 h to increase the degree 
of oxidation of the G-O product. The resultant bright-yellow suspension was diluted 
with deionized water (280 ml) and further treated with a H 2 0 2 solution (6 ml, 30%). 
The product was separated by centrifugation and washed seven times with 5% 
hydrochloric acid solution until the sulphate could no longer be detected with BaCl 2 . 
The product was washed seven times with distilled water to remove chloride ions and 
then dried overnight in an air oven at 60°C. 

Characterization. The X-ray diffraction patterns of the G-O (from 5° to 60°) were 
measured using an Arl X'TRA diffractometer with an output power of 2.2 kW. G-O 
sheets were filtrated and purified several times and then ground to powder using a 
mortar andpestle. Infrared spectroscopy (400 to 4000 cm" 1 ) was performed using a 
Nicolet IR 870 FTIR spectrometer with pure KBr as the background. Repetitive 
filtrations were conducted before grinding the sheets with KBr for sample 
preparation. The ground powder was then dried and shaped into a transparent tablet 
for measurement. 

Measurements of various parameters including sensitivity, stability, response 
time, and recovery time of G-O. The sensitivity and stability of G-O-based sensors 
were investigated using a Climatic Test Chamber (C, 340, —70) with an accurate 
control module (OMEG 205). To summarize, the capacitance of the capacitors and 
sensors was measured using a LW-281 1C LCR meter at 25°C. The frequencies used 
were 100 Hz, 1 kHz, and 10 kHz. The humidity sensor was then placed in a Climatic 
Test Chamber (C, 340, —70) with an accurate control module (OMEG 205) for 
40 min to allow the humidity sources to reach an equilibrium state. To estimate the 
response time and recovery times, atmospheres with RH of 23% and 86% were 
achieved by saturated aqueous solutions of CH 3 COOK and KC1 at temperature of 
25°C 35 , respectively. The response and recovery times between 23% RH and 86% RH 
were measured by transferring the sensors from a closed glass vessel to another closed 
glass vessel. The time spent in reaching 90% of the capacitance change was denoted as 
the response and recovery time. The performance of the sensor was measured every 3 
days to monitor its stability. 

Complex impedance spectra for different RHs were obtained through use of a 
TH2828S LCR meter with testing voltage of 1 V and temperature of 15°C. To set up 
different RH environments, saturated aqueous of LiCl, MgCl 2 , Mg(N0 3 ) 2 , NaCl, KC1, 
and K 2 S0 4 were placed in airtight glass vessels at a temperature of 15°C, which 
yielded atmospheres with RHs of 13%, 33%, 53%, 75%, 87%, and 97% 136 . 
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